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Stable isotope ratio analysis offers a unique opportunity to obtain information on
ecosystem processes. The increase in atmospheric CO2 as a consequence of fossil 
fuel combustion and land-use change is altering the stable carbon isotope composition 
(δ13C) of the atmosphere and ocean. This work investigates the application of using δ13C 
measurements of seawater samples to explore the biogeochemical responses of marine
ecosystems to anthropogenic CO2 perturbations. The combination of isotopic and 
non-isotopic measurements from a subtropical North-Atlantic mesocosm experiment 
provided a holistic view of the biogeochemical mechanisms that affect carbon dynamics
under a gradient of pCO2 ranging from ∼350 up to ∼1,000 µatm during a phytoplankton 
succession. A clear CO2 response was detected in the isotopic datasets with 13C 
shifts of up to ∼5‰, but increased CO2 levels only had a subtle effect on the 
concentrations of the dissolved and particulate organic carbon pools. Distinctive δ13C 
signatures of the particulate organic carbon pools in the water column and sediment
traps were detectable for the different CO2 treatments after a nutrient stimulated 
phytoplankton bloom. These signatures were strongly correlated (p < 0.05) with the 
δ13C signatures of the inorganic carbon but not with the δ13C of the dissolved 
organic carbon pools (p > 0.05). Fractionation of carbon isotopes in phytoplankton
was positively affected (9.6 < ε < 16.5‰) by high CO2 levels either because of the 
higher CO2 availability or because of a shift in phytoplankton community composition. 
Nevertheless, phytoplankton bloom intensity and development was independent of CO2 
concentrations, and higher CO2 levels had no significant effect on inorganic nutrient 
uptake. Results from this mesocosm experiment showed that variations in the carbon 
isotopic signature of the carbon pools depend on both physical (air-sea exchange) and 
biological (community composition) drivers opening the door to new approaches for 
investigations of carbon cycling in marine ecosystems.
Keywords: ocean acidification, mesocosm experiment, stable carbon isotopes, marine biogeochemistry, 
carbon cycle
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INTRODUCTION
Since the beginning of the industrial revolution, the
concentration of carbon dioxide (CO2) in the atmosphere
has increased by circa 40% from about 280 ppm to values above
400 ppm (http://www.esrl.noaa.gov). Atmospheric levels of
CO2 are expected to rise further and if no effective mitigation
activities are initiated they could reach levels between 750 and
more than 1,300 ppm by the end of this century (IPCC, 2014).
The global ocean is attenuating this increase by absorbing about
25% of the CO2 emitted by human activities (Le Quéré et al.,
2016). However, the current rate of CO2 uptake is leading to
perturbations in the carbonate system (ocean acidification, OA)
with potentially adverse consequences for marine ecosystems.
The flux of CO2 between the atmosphere and the ocean
is mainly controlled by physical processes (Couldrey et al.,
2016); however biological processes also affect the air-sea CO2
transfer: phytoplankton assimilate inorganic carbon dissolved in
seawater and convert it into organic forms via photosynthesis.
As a consequence, surface water CO2 concentrations decrease
promoting further CO2 transfer from the atmosphere. In general,
it is assumed that primary production and sinking of organic
matter to depth (export) contribute to increase ocean CO2
sequestration from the atmosphere while community respiration
tends to decrease it (Volk and Hoffert, 1985).
Over recent years, a wide range of research activities have
been conducted to improve our understanding of the effects of
rising atmospheric CO2 levels on carbon fixation and cycling
in the marine environment. Mesocosms offer an intermediate
scale between laboratory and natural conditions, representing
near natural ecosystems in which environmental factors can
be manipulated and closely monitored (Riebesell et al., 2013).
Over the last few years, several mesocosm studies have been
conducted aimed at investigating the effects of elevated CO2 on
marine ecosystems. They have provided comprehensive datasets,
although interpretation has been highly complex.
In a mesocosm experiment carried out in the subpolar
waters of the Raunefjord, Norway in 2005, high CO2 levels
enhanced inorganic carbon consumption relative to nutrient
uptake (Riebesell et al., 2007), however no increased levels of
organic material were observed in the water column suggesting a
rapid export to the bottom of the mesocosm (Schulz et al., 2008).
Interestingly, in the same experiment, labeled 13Cmeasurements
showed increased biomass of green algae and diatoms under
high CO2 levels, but no indication of enhanced sinking during
the bloom phase (De Kluijver et al., 2010). In order to gain
further insights into carbon transfer mechanisms, an additional
mesocosm study was carried out in the polar region at Ny
Ålesund, Svalbard in 2010, and through the use of labeled 13C,
carbon fluxes were assessed. Elevated CO2 concentrations had
no direct effect on primary production and bacterial activity,
however an increase in sedimentation of fresh organic material
was observed (De Kluijver et al., 2013). In a recent long-term
mesocosm experiment in the Swedish Gullmar Fjord, enhanced
CO2 concentrations had non-detectable effects on plankton
community composition (Bach et al., 2016) or on the molecular
composition of organic matter (Zark et al., 2017).
The use of a 13C labeling technique in past mesocosm
experiments has given indications on the direct coupling
between phytoplankton and bacteria. However, tracer addition
experiments are limited when the product is saturated with
the labeled 13C as further incorporation of substrate would not
change the signature of the product. In the case of phytoplankton
and bacteria, the fast turnover rates of 2–6 days (Field et al.,
1998) limit the use of the labeled 13C incorporation method for
a long term assessment of carbon fluxes. Moreover, as carbon
cycling in the marine system involves many active exchanges
not only between the phytoplankton and bacteria compartments,
interactions among all of the carbon pools must be assessed.
Here, we explore the feasibility of using stable carbon isotope
analysis as a tool for tracing the natural carbon component
through the marine system in a long-term mesocosm study. The
isotopic signal propagation was “traced” through the various
carbon compartments, from the dissolved inorganic pool to the
organic pools (dissolved and particulate), as well as the sinking
particulate pool collected in sediment traps. The mechanisms
driving the partitioning of 13C were linked to biogeochemical
processes such as photosynthesis, organic matter oxidation
and/or export. The main research objective was to investigate
how CO2 additions can be used to trace changes in the isotopic
signatures in the various carbon pools. In contrast to previous
studies, labeled bicarbonate was not used here. Instead, the
processes that control the distribution of stable carbon isotopes
within the water column were identified and quantified under
different CO2 levels. To the best of our knowledge, this is the first
time that this approach is used to determine the effects and fate of
increasing levels of natural carbon in a phytoplankton succession.
MATERIALS AND METHODS
The Study Site and Mesocosm Experiment
Description
The study was conducted in the coastal waters of Gran
Canaria (Spain) between the 23rd of September and the 27th
of November 2014. The Canary Island location represents
a transitional zone between the northwest African coastal
upwelling region and the open ocean oligotrophic waters of the
North Atlantic subtropical gyre (González-Dávila et al., 2003).
The islands are characterized by a relatively weak surface current
(Canary Current) flowing southwestwards and driven by north-
easterly trade winds. The experiment was carried out in Gando
Bay (Figure 1) in order to ensure wind and wave protection
from predominant north easterly wind swells. The experimental
setup and mesocosm characteristics are described in detail in
Taucher et al. (2017). Briefly, nine Kiel Off-Shore Mesocosms for
Future Ocean Simulation (KOSMOS) were deployed andmoored
in clusters of three at 27◦ 55′N, 15◦ 21′W about 4.5 nautical
miles (nmi) from Taliarte harbor. A very strong eastward current
event (t25–t27) damaged one of the mesocosms (M6) and no
more sampling was performed from this unit until the end of
experiment. Data from mesocosm M6 were therefore excluded
from the analyses. Only four (M5, M7, M8, and M9) of the
nine mesocosms were sampled for isotopic analysis and therefore
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FIGURE 1 | Study site (A) with mesocosm positioning (B) and characteristics (C), September-November 2014. Numbers show mesocosm arrangement while colors
indicate the sampled mesocosms with different CO2 concentrations (blue, control at ambient pCO2; light blue, pCO2 ≈ 450 ppm; gray, pCO2 ≈ 700 ppm; and red,
pCO2 ≈ 1,000 ppm).
considered herein. The water depth at the deployment site was
between 18 and 22m. The bottom ends of the mesocosm bags
were lowered to a depth of 15m below the surface enclosing
a volume of about 35 m3 of seawater. A 3mm size mesh was
attached to the top and bottom of the bags in order to exclude
patchily distributed large organisms such as fish larvae or jellyfish
from the enclosed water bodies. Free exchange of water and
plankton (<3mm) was allowed for 4 days until divers replaced
the bottom mesh with the sediment trap. Attachment of the
sediment trap and simultaneous pulling of the upper part of
the bags above the sea surface level marked the beginning of
the experiment (27th of September 2014) defined as time t-4
with t0 marking the day of the initial CO2 manipulation. The
main CO2 addition was performed in four steps over 6 days
by adding calculated amounts (from 77 L in M5 to 382 L in
M8) of CO2-saturated seawater to each mesocosm as described
in Riebesell et al. (2013), in order to yield a pCO2 gradient
from ambient to concentrations corresponding to year 2150
(∼1,480µatm) according to RCP8.5 scenario (IPCC, 2014). The
CO2-saturated seawater was prepared by aerating about 1,500 L
of Melenara Bay filtered seawater with pure CO2 gas for at least
one hour to reach pH value of ∼4. The water was collected
from a depth of 10m using a pipe and pre-filtration system.
Nutrient levels were low with nitrate concentrations equal to
1.8µM, phosphate 0.1µM, silicate 2.1µM, and ammonium
0.1µM. The CO2 manipulation was performed by pumping
CO2-saturated seawater directly into themesocosm bags by using
a special distribution device that assured uniform distribution
within a radius of ∼1m (Riebesell et al., 2013). No CO2 addition
was performed on mesocosm M9 which was used as a control
(ambient pCO2). Two further CO2 additions (t21 and t38) were
performed during the course of the experiment to account for
CO2 loss related to outgassing.
At day t24, aliquots of deep water (∼8 m3) obtained from a
depth of 650m located about 4 nautical miles north-east from
the study site were added to each mesocosm to promote a
phytoplankton bloom. The experiment was terminated about 15
days after the decline of the bloom at t55. The whole experiment
was divided in three phases (Taucher et al., 2017) based on
chlorophyll a (chl a) and nutrient dynamics: an oligotrophic
phase I (t0–t23), a phytoplankton bloom phase II (t25–t35) and a
post bloom phase III (t37–t55).
Sampling Strategy
Sampling was carried out every second day. The particles that
settled in the mesocosm sediment traps were removed through a
silicon hose connected at one side to the bottom of the sediment
trap and at the other side to a vacuum-pum system. Sediment
samples were collected before water column sampling directly
into a 5 L Schott Duran R© glass bottle, following the procedure
described in Boxhammer et al. (2016), in order to avoid
possible resuspension of the settled material in the mesocosm
water column. Subsamples for stable carbon isotope analysis of
the sedimented material (δ13CSed) were collected every other
sampling day (every 4 days) from the homogenized collected
sediment material. Sampling for δ13CSed was conducted by gentle
vacuum (<200 mbar) filtration of 3ml of homogenized sediment
particle suspension on pre-combusted (450◦C for 12 h) 25mm,
0.7µm pore size glass microfiber Whatman GF/F filters. The
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FIGURE 2 | Sampling strategy for stable carbon isotope analysis for Gran Canaria 2014 mesocosm experiment.
filters were stored frozen (−20◦C) immediately after sampling for
later analysis.
Water column samples were collected every sampling day
using a depth integrating water sampler (IWS, Hydro-Bios)
that allows evenly collection of 5 l of seawater over the entire
depth (13m) of the mesocosm. Separate sampling bottles were
used to withdraw precise aliquots of seawater from the IWS
for specific analysis types. These included samples for inorganic
nutrients (nitrate, silicate, phosphate, and ammonium), dissolved
inorganic and organic carbon (DIC and DOC, respectively) and
pigments. Every other sampling day, the chosen mesocosms
were sampled for isotope analysis in the forms of dissolved and
particulate inorganic and organic carbon (Figure 2). Samples for
stable isotopic analyses of dissolved inorganic carbon (δ13CDIC)
were collected into 100ml borosilicate glass bottles (Pyrex) with
a glass stopper. Sample preservation was performed by spiking
the samples with 20 µl of saturated mercuric chloride solution
(Dickson et al., 2007). For analyses of stable isotopes of dissolved
organic carbon (δ13CDOC), samples were collected into 30ml
acid-washed (HCl, 10%) and pre-combusted (at 450◦C for 12 h)
TOC glass vials after filtration through a pre-combusted 25mm
carbon cleaned glass-fiber filters (GF/F; Whatmann) (Farmer
et al., 2007). Samples were acidified to pH< 2 with 100 µl of 4M
hydrochloric acid solution for preservation. Samples for isotopic
analysis of particulate organic carbon (δ13CPOC) were collected
on 0.7µm pore size pre-combusted (at 450◦C for 12 h) GF/F
filters by filtration of 1 L of seawater collected into 1 L narrow
mouth (Nalgene, HDPE) sampling bottles. The filters were stored
frozen (−20◦C) immediately after sampling for later analysis.
Every sampling day after sediment and water column
sampling, a sensor unit (CTD60M; Sea & Sun Technologies)
was used to determine vertical profiles of salinity, temperature,
pH, chl a, and photosynthetically active radiation (PAR) in every
mesocosm and in the surrounding water.
Analytical Methods
In most cases, analysis of the collected samples followed
standard procedures. Inorganic nutrients were filtered (0.45µm
cellulose acetate filters, Whatman) directly after sampling and
analyzed on the same day to avoid concentration changes due
to biological growth or decay. Measurements were performed
using a SEAL Analytical QuAAtro AutoAnalyzer connected to
JASCO Model FP-2020 Intelligent Fluorescence Detector and
a SEAL Analytical XY2 autosampler. AACE v.6.04 software
was used to control the system. The measurement approach is
based on spectrophotometric techniques according to Hansen
and Koroleff (2007) for the determination of nitrate and silicate,
Murphy and Riley (1962) for the determination of phosphate
and Holmes et al. (1999) for the determination of ammonium.
Carbonate chemistry (DIC and TA) samples were sterile-filtered
Frontiers in Marine Science | www.frontiersin.org 4 October 2019 | Volume 6 | Article 616
Esposito et al. Stable Carbon Isotopes in Mesocosm
(0.2µm) through a syringe and stored at 4◦C in the dark for a
maximum of 3 days until infrared absorption and potentiometric
titration for the determination of DIC and TA, respectively
(Taucher et al., 2017). Phytoplankton pigments were extracted in
acetone (90%) to determine chl a concentrations using reverse
phase high performance liquid chromatography (HPLC) as
described by Bach et al. (2016) and Taucher et al. (2017).
Stable Carbon Isotope Analysis
Stable carbon isotope measurements of DIC (δ13CDIC) were
performed on a GasBench II preparation device connected to
a Delta V Advantage isotope ratio mass spectrometer (both
Thermo Fisher Scientific). Samples were analyzed in two batches
consisting of 88 and 79 measurements each. A total of 27 vials
(12ml Exetainer R©Labco Ltd, High Wycombe, UK) per batch
were used for calibration and quality control standards, while
the rest were used for seawater samples (52 plus 4 CO2-saturated
seawater). Three in-house calibration standards (Marble-MAB,
NaHCO3-NA, andNa2CO3-NS) were run at the beginning and at
the end of the analytical sequence, while quality control samples
(blanks, Na2CO3-NSL and Dickson CRMs) were placed every
12–14 seawater samples. All the samples were run in duplicate.
Measurements of δ13CPOC and δ13CSed were performed on
a Flash 2000 Elemental Analyser (EA) connected to a Delta
V Advantage IRMS through a ConFlo IV interface device (all
Thermo Fisher Scientific). For the determination of δ13CPOC, one
set of samples was acidified for 2 h with 4M HCl in a dessicator
under vacuum to remove calcium carbonate followed by drying
overnight at 50◦C. The second set was only dried. A total of 104
samples (52 from the water column and 52 from the sediment
traps) were analyzed in duplicate over 10 analytical runs. Each
run consisted of three initial blank measurements (tin capsule
and pre-combusted blank filters), duplicate measurements of
calibrated urea, caffeine, and sucrose standards, followed by a
set of mesocosm samples. In the case of sediment samples,
dilution (78% helium) was activated in order to avoid IRMS
signal intensity saturation. It must be noted that during the
isotopic analysis of POC in the sediment samples technical
problems occurred and only total particulate carbon data could
be used. Standard materials were accurately weighed (readability
of 0.01mg) between 0.1 and 1.0mg in order to bracket themarine
particulate carbon concentration range and used both for isotopic
calibration and sample concentration determination in terms of
POC and TPC. Sediment trap data were converted to daily fluxes
normalized by mesocosm volumes determined as described in
Taucher et al. (2017).
Measurements of δ13CDOC were carried out using an in-house
combined Shimadzu 5000A TOC-IRMS system. A total of 52
samples were analyzed over 5 runs. Each analytical sequence
consisted of initial background and ultrapure water blank
measurements, followed by calibration standards (phthalate,
urea, glutamic acid, and sucrose) and a variable set of seawater
samples. Standards were accurately prepared with concentrations
ranging between 30 and 600µM of carbon and used both for
isotopic calibration and sample concentration determination,
in terms of DOC. Deep seawater consensus reference material
(Lot No. 8-08) distributed from the laboratory of D. Hansell
(University of Miami) and additional urea or sucrose standards
were analyzed between samples in order to check for accuracy
and consistency of the measurements.
Stable Carbon Isotopes Measurement Processing
The three different instrument configurations used to perform
stable carbon isotope analysis were calibrated by cross check
measurements of the same standard compounds. Raw δ13C
results were processed following the same procedure: removal of
anomalous measurements, linearity correction, blank correction,
calibration to V-PDB and average of duplicates. Anomalies
were assessed based on peak area height and when the
intensity of the signal fell outside of the calibration range,
the data point was removed. Only 0.8% of the total number
of measurements was eliminated. Linearity correction was
performed by quantification of the relationship between the δ
values of repeated measurements of standards with increasing
concentrations vs. the respective signal intensities. The mean
gradient for each standard was calculated and used for linearity
correction. Variation among gradients was 0.0083‰. Instrument
background, reagent blank intensities and isotopic ratios were
stable for all the analytical methods with average total variation
of about 2 ± 1.2%. Calibration of the samples to the V-
PDB international standards was performed by three-point
linear regression fits using standards of known isotopic ratios.
Average r2 was 0.9998 ± 0.00017. Final δ13C values were
reported as the average of both analytical replicates and sample
duplicates, when available. Calculated uncertainties (2σ) were
0.03, 0.12, and 1.42‰ for δ13CDIC, δ13CPOC, and δ13CDOC
measurements, respectively.
Data Analysis
Stable isotope data were expressed in the delta notation (δ13C)
relative to the VPDB standard according to
δ13C =
Rsample − Rstandard
Rstandard
× 1000‰ (1)
where R represents the ratio of the heavy carbon isotope (13C)
to the light isotope (12C). The isotopic incorporation of CO2-
saturated water into mesocosm systems was calculated as relative
changes in the 13C fraction of the samples. Relative changes were
calculated as a delta difference (1δ13C) between the isotopic
signature of the samples and the initial carbon isotopic signatures
(before CO2 additions) according to
1δ13C = δ13Csample − δ
13Cinitial (2)
The impact of the different CO2 additions on the δ13CDIC of the
individualmesocosmswas quantified with a theoretical mix using
the following isotope mixing equation
δ13CDICmix =
(δ13CDICinitial × DICinitial)+ ( δ
13CDICadded × DICadded)
(DICinitial + DICadded)
(3)
where δ13CDICinitial and DICinitial are the average initial carbon
isotopic signature and concentration before any CO2 addition,
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respectively, δ13CDICadded is the carbon isotope ratio of the added
CO2 and DICadded correspond to the measured DIC differences
on each day from the initial DIC concentration. Air-sea gas
exchange was calculated both as total flux (FC) and as outgassing
of the 13C fraction (F13C) in mmol m−2 s−1. The ratio between
eachmesocosm volume and themesocosm surface area (3.14 m2)
was used to normalize the air-sea gas exchange rates to units of
water and to convert the rates into daily CO2 fluxes (in µmol
l−1 d−1). Fluxes were calculated for phase I and III only, when
biological activity was low (Chl a< 0.3 µg l-1). The total flux was
determined as
FC = −k(Csample − Csat) (4)
where Csample is the aqueous CO2 concentration of the samples,
Csat is the saturation concentration corresponding to an
atmospheric CO2 partial pressure of 394 ppm (ftp://aftp.cmdl.
noaa.gov/data/trace_gases/co2/flask/surface). The parameter k is
the gas transfer velocity in m s−1, which depends on wind speed
and sea surface temperature and it was calculated according to
Wanninkhof et al. (2009) by using the following equation:
k = −0.31u2
(
Sc
660
)−0.5
(5)
where u is the wind speed, Sc is the sea surface temperature (T)
dependent Schmidt number, Sc= 2073.1 – 125.62·T+ 3.6276·T2
– 0.043219·T3 for CO2 (Schmittner et al., 2013) and 660 is the
Schmidt number of CO2 in seawater at 20C. Wave motion was
able to transfer through the mesocosms bags inducing roughness
of the surface layer inside the mesocosms. From here the choice
of −0.5 as exponent in Equation 5 which is commonly applied
for wavy conditions (Jähne et al., 1984; Nightingale et al., 2000).
The median wind speed, recorded a few nautical miles away at
10m height, was 5.0m s−1, and becausemesocosm surface waters
were sheltered by the enclosure bags (about 1.5m above the water
level) a lower wind stress was present. A constant wind speed of
2m s−1 was chosen and used for air-sea exchange calculations.
The air-sea flux of 13CO2 (F13C) was calculated according to
Zhang et al. (1995) by using the equation:
F13C = −kαkαaq←g
(
RDIC
αDIC←g
Csample − RACsat
)
(6)
where k is the piston velocity in m s−1 and αk is a constant kinetic
fractionation factor (αk = 0.99915) adapted from Schmittner
et al. (2013). The terms αaq←g and αDIC←g are the temperature
dependent isotopic fractionation factors from gaseous to aqueous
CO2 and from gaseous CO2 to DIC, respectively. RDIC and
RA correspond to the heavy to total isotope ratios of DIC and
atmospheric CO2, respectively, and they were determined from
13C fractions as RDIC = 13CDIC/(12CDIC + 13CDIC) and RA =
13CA/(12CA + 13CA). The RA was derived from the isotopic
signature of the atmospheric CO2 which was assumed to have a
fixed δ13C value of −8.2‰ according to the reported monthly
average isotopic air measurements for the Canary Islands
area (ftp://aftp.cmdl.noaa.gov/data/trace_gases/co2c13/flask/).
The effect of air-sea fluxes on δ13CDIC distributions was
calculated as a difference (1F13C) between the F13C (divided by
isotope ratio of the standard, Rstandard = 0.0112) and the total
carbon flux according to Schmittner et al. (2013) by using the
following equation:
1F13C =
F13C
Rstandard
− FC (7)
To estimate carbon uptake by phytoplankton during
photosynthesis a mass balance approach was used. The net
changes within the various carbon pools were calculated
for Phase II and III only as differences relative to initial
conditions. The average DOC and POC values measured over
the period before deep water addition were used as initial
reference conditions. The net community production (NCP)
was estimated from the build-up of biogenic carbon as an
accumulation (in µmol l−1) rather than a rate according to
NCP = DOCdiff + POCdiff +
∑
TPCSed (8)
Photosynthetic isotope fractionation (ε) between CO2 and
phytoplankton during the uptake process was calculated as
εCO2−phyto =
δ13CCO2 − δ
13CPOC
1+ δ13CPOC/103
(9)
where δ13CCO2 is the isotopic signature of aqueous CO2
calculated from δ13CDIC values using the equilibrium
fractionation factors between DIC and CO2(aq) according to
Zhang et al. (1995), and δ13CPOC is the isotope ratio of particulate
organic carbon assumed to represent the phytoplankton fraction
in the water column. Dissolved CO2 and not bicarbonate
was considered as the main form of carbon assimilated by
phytoplankton during growth due to its low energy costs
associated with passive intracellular transport (Burkhardt
et al., 1999; Marty and Planas, 2008) and to its generally high
availability (CO2(aq) = 10–14 µmol l−1) found in geographically
proximate areas previously reported for the same time of year
(Santana-Casiano et al., 2001; González-Dávila et al., 2003).
Comparison with fractionation values calculated vs. total DIC
rather than vs. the isotopic composition of dissolved CO2 are
also reported.
The NCP was used to estimate the fraction (f) of inorganic
carbon (DIC) converted into organic matter. The latter was used
to build an isotope fractionation model to assess the isotopic
changes of the POC pool according to the substrate (DIC) uptake
during the bloom phase. The model predicts the progress of
the accumulated product (δP) and the residual substrate (δRS)
according to
δP = δInput −1∗(1− f ) (10)
and
δRS = (δInput + 1000)∗
(
f ∗α + 1− f
)
− 1000 (11)
where α = (1,000 + 1)/1,000 and the term δInput represent the
isotopic signatures of DIC of each mesocosm before the onset of
the bloom. A fixed fractionation factor (1) of 20‰ was used.
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Statistical Analysis
The isotopic data reported are average values between duplicate
samples (when available) with standard deviations (1σ) within
the analytical error. The dataset was tested for normality
distribution using the online Grubbs test (http://graphpad.com/
quickcalcs/grubbs1/) and eventual outliers were removed and/or
mathematically interpolated. Linear regression analyses were
used to determine the relationship between pCO2 and average
response of the variables to each CO2 addition phase. Significance
was accepted for p-values <0.05. The potential effect of the
added CO2 on the various parameters was also calculated by
subtracting observations of the control mesocosm from the
treated mesocosms for the specific sampling day.
RESULTS
Mesocosm Performance and Mesocosm
Phases
A total of 9 mesocosms were deployed in Gando Bay, but only
four of them (M5, M7, M8, and M9) were sampled for stable
carbon isotope analysis. The water inside the mesocosms was
allowed to exchange with the surrounding water for a total
of 4 days before isolation of the mesocosms water body from
the surrounding water. Initial salinity, temperature, density, chl
a and nutrient concentrations between the mesocosms were
comparable. Average initial salinity in the mesocosms was 37.08
± 0.01 and gradually increased throughout the experiment
to reach final values of 38.03 ± 0.02. The reason for the
change was mostly due to evaporation although the addition
of less saline deep water halfway through the experiment
tempered the increase. Temperatures decreased gradually from
24.31 ± 0.02◦C to 22.22 ± 0.01◦C during the course of
the experiment. According to CTD profiles, no halocline or
thermocline developed during the experiment and all mesocosm
parameters were relatively homogeneous through the water
column. Injections of CO2-saturated seawater into the designated
mesocosms formed a concentration gradient with average pCO2
values of 473.9 ± 22.6µatm (M5), 776.8 ± 42.8µatm (M7),
and 1311.7 ± 105.3µatm (M8) determined after each CO2
addition (t5, t23, and t39). Mesocosm M9 was not treated
(control) and exhibited average pCO2 concentrations of 364.4 ±
64.0µatm measured over the same periods. Additions of CO2-
saturated seawater increased mesocosm DIC concentrations
proportionally and linear regression analysis confirmed the
significant differences (p < 0.05) among treatments. However,
no significant differences among mesocosms were observed
overall for other physical parameters or nutrient data when CO2
treatments were compared (Table 1).
Nutrient concentrations as well as chl a variations and CO2
manipulation were used to define the different experimental
phases (Figure 3). Initial concentrations of inorganic nitrate
plus nitrite (NO−3 + NO
−
2 ) were between 0.06 and 0.15µM,
inorganic phosphate (PO3−4 ) ranged between 0.01 and 0.07µM,
silicic acid (SiO4−4 ) was on average 0.23 ± 0.054µM and
ammonium was variable between 0.04 and 0.34µM for all
mesocosms until the day of deep water addition. On day t24
about 8 m3 of deep seawater were added per mesocosm bringing
nutrient concentrations to 3.19 ± 0.02, 0.17 ± 0.01, and 1.61
± 0.11µM for NO−3 + NO
−
2 , PO
3−
4 , and SiO
4−
4 , respectively.
Ammonium levels were not affected by the addition of deep
seawater and exhibited concentrations around 0.07 ± 0.03µM
for all mesocosms. The simulated upwelling event triggered
a phytoplankton bloom that lasted circa 10 days after which
inorganic nutrients stabilized back to initial levels (Figure 3).
Measurements of chl a confirmed the progression of the three
phases (Figure 3). During the initial oligotrophic phase, chl
a values ranged between 0.18 and 0.24 µg l−1. With the
development of the bloom phase chl a values increased and on t31
the average concentration was 2.95± 0.67µg l−1. The maximum
value (5.62 µg l−1) was recorded for mesocosmM9 on t28. In the
post bloom phase chl a concentrations dropped although they
were on average higher (0.57 < chl a < 1.10 µg l−1) than the
initial concentrations. No statistically significant differences in
chl a concentrations were observed between pCO2 treatments
(Table 1).
During the oligotrophic phase, the mesocosm communities
were mainly consisting of pico- and nano-phytoplankton
with cyanobacteria constituting the predominant group. The
phytoplankton bloom in phase II, fuelled by deep water addition,
was dominated by diatoms which accounted for more than 70%
of the total chl a. Following the bloom, the microphytoplankton
communities in the mesocosms were mainly dominated by
large dinoflagellates (Taucher et al., 2017). The mesozooplankton
community was dominated by copepods (∼90% of the total
mesozoplankton abundance) throughout the whole experiment.
During the oligotrophic phase zooplankton abundances were
comparable among the different mesocosms, however after deep
water addition, generally higher zooplankton abundances were
observed in the high CO2 treatments. However, a surprising
temporal delay in zooplankton abundance was observed in the
high pCO2 mesocosms compared to the low and medium pCO2
conditions (Algueró-Muñiz et al., 2019).
Mesocosm Carbon Dynamics:
Concentrations and Stable Isotopes
In most of the cases, carbon trends agreed well with the phases
defined by nutrients and chl a dynamics: oligotrophic phase I,
phytoplankton bloom phase II and post bloom phase III. Before
any CO2 addition, on t-1, the δ13CDIC of the water was 1.06‰.
Analysis of aliquots of CO2-saturated seawater showed that the
isotopic signature (δ13CDIC) of the added seawater was −35.64
± 0.43‰ (n = 10) for the first batch and −36.28 ± 0.06‰ (n
= 12) for the second batch. Samples from the third batch were
not taken therefore no measurements are available. The effects of
the added CO2 on mesocosm carbon species are summarized in
Table 2 where statistical significance of pCO2 treatments on each
of the carbon system parameters for each experimental phase
is reported.
Oligotrophic Phase I
Following the first CO2 addition, the δ13CDIC of the mesocosms
decreased significantly (Table 2 and Figure 4) in proportion to
the added amount with average 13C depletion of 1.4, 2.9, and
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TABLE 1 | Results of linear regression analyses testing for statistical significance of pCO2 effect on mesocosm nutrients and chlorophyll a for each experimental phase.
Parameter P-value Multiple R2 F
statistic
Parameter P-value Multiple
R2
F
statistic
Phase I NO−3 + NO
−
2 0.183 0.816 3.997 PO
3−
4 0.899 0.100 0.020
Phase II 0.972 0.027 0.002 0.224 0.753 3.015
Phase III 0.772 0.228 0.110 0.125 0.874 6.507
Phase I SiO4−4 0.089 0.910 9.733 Chl a 0.291 0.708 2.017
Phase II 0.015 0.984 63.446 0.911 0.088 0.015
Phase III 0.795 0.204 0.081 0.079 0.920 11.126
The statistically significant (p < 0.05) effects of CO2 are reported in bold.
4.8‰ for mesocosm M5, M7, and M8, respectively, throughout
the whole oligotrophic phase. A slight isotopic enrichment
(0.2‰) combined with a decrease in DIC concentrations over
time was observed in the treated mesocosms M7 and M8.
The tendency to isotopic enrichment (greater amount of heavy
isotope 13C) of surface water DIC for the higher CO2 level
mesocosms was confirmed by the positive values of 1F13C in
mesocosm M7 and M8 (Table 3). This trend was mostly driven
by outgassing indicated by the negative values of Fc and F13c
calculated for these mesocosms (Table 3). Average CO2 eﬄux
was 0.9 and 2.6 µmol l−1 d−1 for mesocosm M7 and M8,
respectively, while an average daily CO2 influx of 0.4± 0.04µmol
l−1 was observed for the ambient pCO2 control mesocosm M9.
MesocosmM5 exhibited variable daily fluxes with an overall CO2
influx of 0.07 ± 0.05 µmol l−1 d−1 throughout the oligotrophic
phase I. The average isotopic signature of the particulate carbon
in the water column and in the sediment traps was −22.8 ±
0.72‰ and −21.1 ± 1.71‰ from t-1 to t13 for all mesocosms.
A small decrease in δ13CPOC was observed at t19 in the treated
mesocosms. An explanation for this small drop could be related
to the Saharan dust event which occurred between t16 and
t22. The dust event induced an increase of diatom biomass
(Taucher et al., 2017), mainly composed of nanopythoplankton
(Hernández-Hernández et al., 2018) that could have contributed
to decrease the isotopic signature of POC in the water column
at t19 due to an initial uptake of the added lighter carbon.
Dissolved organic carbon concentrations gradually increased in
all mesocosms from an average initial value of 98± 2.4 µmol l−1
on t5 to a mean value of 108± 0.4 µmol l−1 on t19. Ammonium
concentrations, although highly variable, corroborate the DOC
trend showing a general increase from 0.04 ± 0.02µM at t1
to 0.13 ± 0.01µM on t19 (Figure 3). The δ13C of the DOC
pool was highly variable with observed ratios between−25.8 and
−21.1‰. At first glance the CO2 treatments appeared to lower
13C of the DOC component, however isotopic ratios of DOC
in mesocosm M9 (control) were similar to the high treatment
mesocosm with an average δ13CDOC value of −23.9 ± 1.06‰.
Linear regression analysis confirmed there was no significant
effect of pCO2 treatment on δ13CDOC dynamics (Table 2).
Phytoplankton Bloom Phase II
The second CO2 addition (t21) in general tended to stabilize
DIC concentrations to target levels without causing any major
effect on the isotopic signature of the inorganic carbon pool. The
addition of deep water stimulated a phytoplankton bloom which
characterized the second phase (t25–t35). With the development
of the bloom, the DIC concentrations decreased on average
by 5% with a corresponding isotopic enrichment of about
2‰ for all mesocosms. The DOC concentrations decreased
soon after the addition (average DOC = 98 ± 4.2 µmol/l at
t26) possibly due to dilution with deepwater of lower DOC
concentration. An increase in DOC of about 25% (mean value
of 131 ± 4.9 µmol l−1) followed and was noticed in all
mesocosms. Measurements of δ13CDOC samples showed reduced
variation among mesocosms during the bloom period with an
average value of −23.4 ± 0.49‰. Particulate organic carbon
in general mirrored chl a dynamics showing a rapid increase
in all mesocosms to concentrations up to 53.9 µmol l−1 (M5
at t31). The sediment counterpart showed a slight delay with
TPCSed fluxes starting to increase at the end of phase II. The
particulate carbon in the water column showed a rapid isotopic
enrichment (about 4‰) following deep water addition, however
with the development of the phytoplankton bloom, the isotopic
ratios of POC in individual mesocosms tended to significantly
diverge (Table 2 and Figure 4) according to the added CO2
levels (lower ratios for higher pCO2 treatments). A similar trend
was observed for δ13CSed samples although the corresponding
isotopic response was detected on the successive sampling day
(temporal shift).
Post Bloom Phase III
The last CO2 addition on t38 brought concentrations and
isotopic ratios of DIC close to pre-bloom levels. Over the entire
post bloom phase, DIC concentrations in mesocosm M8 and
M7 decreased by 1.5 and 0.5%, respectively, while an increase
of 0.9 and 1.5% was observed in mesocosms M5 and M9,
respectively. This trend suggested that air-sea gas exchange
was driving seawater pCO2 toward the equilibrium with the
overlaying atmosphere. Similarly to Phase I the gas exchange had
little effect on the δ13CDIC distribution with isotopic variations
within mesocosms lower than 0.2‰ for the duration of the entire
phase III. The tendency to isotopic enrichment of surface water
DIC for the higher CO2 level mesocosms was confirmed by the
positive values of1F13C in mesocosmsM7 andM8while isotopic
DIC depletion was suggested for M5 and M9 according to the
calculated negative1F13C values (Table 3). Compared to phase I
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FIGURE 3 | Concentrations of inorganic nutrients and chlorophyll a during the Gran Canaria mesocosm experiment (2014). Sampling days (t-days) and main
experimental manipulations are shown on the x-axis. Vertical lines define the experimental phases.
there was a general tendency to hold more CO2 in the mesocosm
waters and this was possibly due to the lower temperatures (1T
= 2◦C) observed during phase III. The DOC levels remained
stable with average concentrations of 123.8 ± 5.02 µmol l−1 and
the δ13CDOC showed no significant differences (Table 2) among
treatments. The measured δ13C of the DOC pool was reasonably
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TABLE 2 | Results of linear regression analyses testing for statistical significance of pCO2 effect on mesocosm carbon system parameters for each experimental phase.
Parameter P-value Multiple R2 F
statistic
Parameter P-value Multiple
R2
F
statistic
Phase I DIC 0.021 0.987 43.718 δ13CDIC 0.019 0.981 51.213
Phase II 0.016 0.983 59.050 0.038 0.962 24.796
Phase III 0.026 0.974 36.902 0.009 0.990 101.072
Phase I DOC 0.711 0.286 0.711 δ13CDOC 0.329 0.670 1.632
Phase II 0.224 0.775 3.021 0.930 0.068 0.001
Phase III 0.190 0.809 3.808 0.456 0.543 0.838
Phase I POC 0.558 0.441 0.484 δ13CPOC 0.126 0.873 6.431
Phase II 0.083 0.916 10.528 0.002 0.998 509.683
Phase III 0.133 0.866 6.023 0.008 0.991 112.841
Phase I TPCSed 0.242 0.757 2.698 δ
13CSed 0.112 0.888 7.439
Phase II 0.131 0.868 6.141 0.037 0.962 24.950
Phase III 0.228 0.771 2.945 0.008 0.992 120.018
The statistically significant (p< 0.05) effects of CO2 are reported in bold. DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; POC, particulate organic carbon; and TPCSed ,
total particulate carbon in sediment traps.
similar for all the mesocosms with a slight increase over time
from an average of −23.6 ± 0.82‰ at t39 to −21.9 ± 0.57‰ at
t55 (excludingM5). InmesocosmM5, the last sample (at t55) had
a δ13CDOC value of−24.6‰. In the water column, concentrations
of particulate carbon decreased by more than a half compared
to the bloom period for all mesocosms. In the sediment traps,
maximum fluxes (2.83 ± 0.30 µmol l−1 d−1) were recorded
at the beginning of phase III on t43 as a consequence of the
phytoplankton bloom decline and subsequent settling, until they
stabilized to final TPC values of 1.32 ± 0.59 µmol l−1 d−1. A
second sedimentation event occurred on the last sampling day at
t55 when divers scraped off the benthic microalgae layer that had
grown on the side walls of the sediment trap funnel in order to
collect all the material, clean the mesocosm bags, and conclude
the experiment. Compared to the other mesocosms, at the end of
the experiment, M8 had higher POC concentrations (18.6 µmol
l−1) in the water column and consequently lower TPC flux (0.73
µmol l−1 per day) in the sediment trap. Isotopic signatures of the
particulate carbon reflected the isotopic trend of δ13CDIC both in
the water column and in the sediment traps showing significant
correlations (Table 2) with the pCO2 treatments. The measured
isotopic values of POC were on average −19.8 ± 1.17, −22.5 ±
0.97, −27.2 ± 0.55, and −18.4 ± 1.02‰, for mesocosm M5, M7,
M8, and M9, respectively, from t39 to t55 (Figure 4). Average
δ13CSed values over the same period were −20.2 ± 0.35, −22.9
± 0.32, −24.9 ± 0.60, and −18.7 ± 0.65‰, for mesocosm M5,
M7, M8, and M9, respectively (Figure 4).
DISCUSSION
Impacts of CO2 Addition on the Stable
Carbon Isotope Composition of Mesocosm
Waters
The increasing anthropogenic CO2 emissions and the
consequent oceanic uptake are altering the marine environment.
One line of evidence of this CO2-induced change is a reduction
of the isotopic ratio of surface ocean waters known as the
13C Suess effect (Keeling, 1979). In this study, the addition
of isotopically light CO2 to the mesocosm systems simulated
the oceanic CO2 accumulation and therefore the evaluation of
any CO2 derived effect could improve our understanding of
future ecosystem responses. The CO2 manipulation formed a
DIC concentration gradient among the considered mesocosms
which was indicative of the potential atmospheric CO2 increases
expected over the next few decades without substantial emission
reductions. The CO2 treatment gradient was reflected in the
isotopic signature of DIC (Figure 4) indicating the added lighter
carbon (δ13CDIC = −35.96 ± 0.45‰) mixed homogeneously
in the water columns of the mesocosms. Comparison of the
measured δ13CDIC with theoretical mixing values gave an
indication of the true isotopic variability within each mesocom
(Figure 5). The theoretical δ13CDIC values vs. the inverse of
the DIC concentrations defined the true isotopic response to
CO2 additions for each mesocosm. The binary mixing line
confirmed the establishment of a linear correlation with the
various CO2 additions although a slight underestimation of the
theoretical isotopic response compared to the measured values
was observed (Figure 5). Higher deviations from the theoretical
values were observed mainly in the higher treatment mesocosms
M8 and M7, probably because of the higher degassing rate of
the samples during analysis. The mixing model allowed also
for the extrapolation of the isotopic composition of the added
CO2 defined by the y-intercept. The extrapolated value of
−36‰ agrees well with the measured δ13CDIC of the added CO2
rich water.
The small isotopic effect (about 0.2‰ enrichment) due
to air-sea gas exchange was discernible both during Phase
I and Phase III were a slight increase in δ13CDIC was
observed (Figure 5). Compared to DIC variations δ13CDIC
variations were substantially smaller with rather constant
isotopic composition of DIC observed in the treated mesocosms.
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FIGURE 4 | Temporal development of concentrations and stable isotopes of carbon during the mesocosm experiment in Gran Canaria 2014. The vertical dashed
lines denote the timing of CO2 additions, the vertical dotted lines indicate deep water addition. DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; POC,
particulate organic carbon; and TPC, total particulate carbon.
This trend was most likely due to the longer times required
by carbon isotopes compared to concentrations to reach
the equilibrium with the atmosphere. Equilibration times for
δ13CCO2 are estimated to be 10–20 times longer compared
to the total CO2 (Lynch-Stieglitz et al., 1995). This effect is
confirmed by the substantially smaller values observed for F13C
compared to FC in all mesocosms during Phase I and III
(Table 3).
The influence of isotopic equilibration on δ13CDIC depends
not only on physical gas exchange, but also on biological
processes. During the bloom phase, the gas exchange effect
was “masked” by the biological uptake which sharply raised
the isotopic composition of DIC in the mesocosm waters. The
transfer from DIC to phytoplankton during phase II was rapid
with an average phytoplankton carbon uptake of 52.9 ± 8.83
µmol l−1 per day, between t26 and t35. Comparable rates of
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TABLE 3 | Air-sea CO2 fluxes for the mesocosm M5, M7, M8, and M9 during Phase I and Phase III.
Phase I Phase III
FC
(mmol m−2 s−1)
F13C
(mmol m−2 s−1)
1F13C
(mmol m−2 s−1)
CO2 flux
(µmol l−1 d−1)
FC
(mmol m−2 s−1)
F13C
(mmol m−2 s−1)
1F13C
(mmol m−2 s−1)
CO2 flux
(µmol l−1 d−1)
M5 0.78 ± 0.57 0.01 ± 0.01 −0.003 ± 0.01 0.07 ± 0.05 2.57 ± 0.27 0.03 ± 0.003 −0.02 ± 0.004 0.24 ± 0.02
M7 −9.65 ± 1.50 −0.11 ± 0.02 0.15 ± 0.02 −0.86 ± 0.13 −6.92 ± 1.68 −0.08 ± 0.02 0.13 ± 0.02 −0.62 ± 0.15
M8 −28.99 ± 4.99 −0.32 ± 0.06 0.47 ± 0.07 −2.59 ± 0.45 −16.81 ± 3.25 −0.18 ± 0.04 0.31 ± 0.05 −1.50 ± 0.29
M9 4.87 ± 0.46 0.05 ± 0.01 −0.07 ± 0.01 0.44 ± 0.04 8.40 ± 0.30 0.09 ± 0.003 −0.10 ± 0.005 0.75 ± 0.03
FIGURE 5 | Conservative binary mixing plot of theoretical δ13CDIC vs. the inverse of DIC concentrations and measured stable carbon isotopic signatures (δ
13CDIC)
vs. differences between theoretical and measured values during Phase I, II, and III of Gran Canaria mesocosm experiment (2014).
primary production were reported by Hernández-Hernández
et al. (2018) for this study. With the development of the bloom,
the δ13CPOC values rapidly decreased with consequent associated
increase of δ13CDIC in the residual seawater according to uptake.
Effects of CO2 Addition on the Dissolved
Organic Carbon Pool
No significant differences in DOC concentrations and isotopic
composition (Table 2) were observed among the mesocosms
during the course of the experiment. In agreement with our
results, in the same study, Zark et al. (2017) could not find
a detectable imprint in the molecular composition of organic
matter suggesting a universal microbial transformation of freshly
produced dissolved organic matter despite the presence of
different phytoplankton species and CO2 concentrations. Unlike
the study by De Kluijver et al. (2010), in this study, direct
phytoplankton to bacteria transfer dynamics could not be
revealed as group specific labeled biomarkers were not used.
However, the combination of DOCmeasurements with δ13CDOC,
could give indirect indication of bacterial behavior. The rapid
increase in DOC concentrations following the phytoplankton
bloom, and the successive slow DOC build-up following the
collapse, could be partly associated with bacterial biomass
dynamics. Bulk δ13CDOC measurements, could instead be used to
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define phytoplankton-bacteria interactions. Bacterial production
is significantly correlated with planktonic primary production
as phytoplankton derived organic matter forms an important
food source for heterotrophic bacteria (Cole et al., 1988). The
weak response observed in the δ13CDOC signal might indicate
that bacteria utilized the freshly produced DOC and transferred
it back into the DIC pool before it could accumulate into a
more refractory DOC pool. On the other hand, the increase in
DOC concentration could be explained by intensive exudation
of DOC by phytoplankton. The absence of a strong DOC
isotopic signal could also have originated from organic matter
such as dying zooplankton which were present before any
isotopically light CO2 addition. Similar results were obtained
in incubation (Norrman et al., 1995) and past mesocosm
experiments (De Kluijver et al., 2010, 2013) where bacterial δ13C
never fully reached the signature of the labeled 13C value of the
corresponding algal POC, although a stronger isotopic signal was
measured in these studies. It must be noted that the uncertainties
associated with δ13CDOC measurements in the present study
were relatively high (σ = 0.71‰) and this might have masked
some underlying signal. Moreover, contrary to previous studies
in which the isotopic signal was intensified through the use of
labeled 13C, here the small difference in the isotopic signature
of the two organic carbon pools, might have constrained further
the quantification of potential isotopic incorporation into the
DOC pool.
Net Community Production and Settled
Biomass
Mesocosm water columns were homogeneously mixed
without formation of any thermo- or halocline that could
cause stratification. This situation facilitated particle mixing
throughout the full water column. Prior to the phytoplankton
bloom, autotrophic activity, and sedimentation rates were
generally low reflecting the low biomass in the water column
(Figures 4, 6). During the bloom phase autotrophic activity was
contributing for more than 60% to the total NCP. From t35 until
the end of the experiment, the contribution of heterotrophic
activity was about 40% for all mesocosms (Figure 6). It must
be mentioned that neither bacterial nor zooplankton biomass
were taken into account for the calculation of the NCP so that
uncertainties in the total transfer and storage of carbon might
be present. Sedimentation of particulate matter and build-up of
dissolved carbon started to increase toward the end of the bloom
phase. Highest sedimentation rates were observed at the end of
the bloom peak, implying a temporal delay between primary
production and sinking particle flux. During the post bloom
phase, the mesocosm (M8) with highest CO2 level showed higher
build-up of particulate matter in the water column compared
to the other treatments even though Chl a levels were relatively
low. Interestingly, slower sedimentation rates were observed
in the sediment trap of M8 and this was also reflected in a
more pronounced isotopic enrichment of the particulate carbon
compared to the low CO2 level mesocosms (Figures 4, 6). This
situation suggests a highly efficient transfer of autotrophic into
non-sinking phytodetritus accumulating in the water column. In
shallow sediment traps zooplankton can largely contribute to the
settling material either by production of sinking detrital carbon
(feeding products and fecal pellets) or by actively swimming
into the trap (Buesseler et al., 2007). In a previous mesocosm
experiment (De Kluijver et al., 2013), high mesozooplankton
biomass was observed and zooplankton products were estimated
to have contributed for 82% to the carbon isotopic signature
of the sediment material. According to their findings, the
observed decreased export in mesocosm M8 compared to the
other mesocosms could be related to the fact that the high
CO2 level mesocosm showed a temporal delay in zooplankton
development (Algueró-Muñiz et al., 2019) resulting in less
degradation and consequent sinking of organic material. This
was confirmed by Stange et al. (2018) where in the same study,
based on changes in the C:N ratio of sediment trap material,
they attributed the increased retention of water column POM
under elevated levels of CO2 to the lower abundance of micro-
and mesozooplankton. In terms of isotopic composition of the
exported material, in general, during and after the phytoplankton
bloom, a good agreement between the carbon isotopic signature
in the mesocosm sediment traps and the isotopic signature of
POC in the water column was observed. The match confirmed
the sinking material was formed of freshly produced aggregates
although a temporal decoupling was observed.
Phytoplankton Fractionation Response to
CO2 Additions
During photosynthesis, the lighter isotope of carbon, 12C, is
preferentially taken up relative to the heavier isotope, 13C
(O’Leary, 1981; Gruber et al., 1999). The inorganic carbon source
utilized by phytoplankton either diffuses or is actively transported
across themembrane into the cell. Once in the cell, carbon is fixed
by an enzymatic reaction mainly driven by the enzyme ribulose-
1,5-bisphosphate Carboxylase/Oxygenase (RubisCO) to produce
phytoplankton biomass or diffuses back into the environment
(Farquhar et al., 1982). Overall, the carbon isotopic composition
of phytoplankton is determined by the isotopic composition
of the source of inorganic carbon (CO2 or HCO
−
3 ), isotope
fractionation during transport into the cell, leakage of CO2
out of the cell and isotopic discrimination during enzymatic
carboxylation (Hayes, 1993). In our experiment, the isotopic
signature of the particulate organic carbon in the water column
of all mesocosms sharply increased (on t26) following deep water
addition (Figure 4). Stable carbon isotopic measurements of the
collected deep water were not performed however it is possible
that the added deep water had a more positive δ13CPOC value
compared to the one inside the mesocosms that contributed to
increase the δ13CPOC signatures of the mesocosm waters. The
breakdown of large isotopically heavy particles originating in or
above the pycnocline and the transformation of DOC into POC
have been considered to be responsible for reported isotopically
heavier signatures of particulate carbon at depths compared
to the surface for several study areas including the equatorial
Atlantic Ocean (Jeffrey et al., 1983).
Over the past decades, many studies have shown that carbon
isotope fractionation in marine phytoplankton varies according
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FIGURE 6 | Fractional contribution (%) of DOC, POC, and sedimentation to the net community production during the bloom (phase II) and post-bloom (phase
III) phases.
to the CO2 concentrations of surface water (Hinga et al.,
1994; Rau et al., 1996; Burkhardt et al., 1999) with a general
increase in 13C fractionation under higher CO2 levels. One
of the major factors controlling the fractionation of carbon
into phytoplankton is the availability of aqueous CO2. In this
study the calculated phytoplankton fractionation (ε) ranged
between 9.6 and 16.5‰ with higher values observed in the
high CO2 treatment mesocosm (mean ε = 15.6‰ in mesocosm
M8). Average fractionation values of 11.9, 12.8 and 12.0‰
were calculated for mesocosms M5, M7, and M9, respectively
(Figure 7). In agreement with previous laboratory based work
(Hinga et al., 1994; Laws et al., 1997; Kukert and Riebesell,
1998; Burkhardt et al., 1999), in our study, isotope fractionation
between CO2 and phytoplankton was higher in the communities
grown under higher CO2, however, the response did not follow
a linear concentration gradient but was mainly detected in the
highest CO2 treatment mesocosm M8 suggesting the possible
presence of a threshold level. Interestingly, all the calculated ε for
the high CO2 treatment mesocosm M8 showed also a narrower
range compared to the control and the other treatments.
In this study the net community production was used to
estimate the fraction of DIC consumed by the phytoplankton
hence fixed as biomass during the development of the bloom.
In this case, the fraction could serve as an indication of growth
and be used to simulate the theoretical progress of the bloom
in terms of isotopic change in the DIC and POC. The use of
a fixed fractionation factor value allowed for the assessment of
the relationship between the signature of the substrate and the
POC pool. In our model, the substrate pool (DIC) splits into
a product (POC) according to the fractionation value of 20‰
and into a residual substrate (DIC left in the pool). According
to the model, the resulting isotopic variations in the formed
product and residual substrate agreed well with the measured
values of both δ13CPOC and δ13CDIC, respectively (Figure 8). No
significant differences between modeled and measured values
could be observed inmesocosmM5,M7 andM9. On the contrary
the isotopic signatures of POC in mesocosm M8 diverged from
the model suggesting again a higher fractionation value for
this mesocosm. A plausible explanation for the smaller range
and higher fractionation values found in mesocosm M8 could
be linked to a shift in phytoplankton community composition.
It has been shown that isotopic fractionation by autotrophic
phytoplankton can be taxon-specific (Pagani et al., 2002; Vuorio
et al., 2006). According to Chemtax analyses, themesocosmswere
dominated by diatoms with high abundance of bacillariophyta
(diatoms) and almost complete absence of chlorophyte (green
alga) (Taucher et al., 2017). MesocosmsM8 developed a bloom of
a Dictyocha-like toxic microscopic alga (Vicicitus globosus) which
affected the phytoplankton community structure (Riebesell et al.,
2013). Autotrophic dinoflagellates did not develop in the high
CO2 treatment mesocosm M8 until the post bloom phase (t43)
when v. globosus abundance decreased. Whether it was the high
CO2 availability, the dominance of a specific planktonic group
or a combination of both, in this mesocosm experiment elevated
CO2 concentrations positively affected the stable carbon isotope
fractionation in phytoplankton.
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FIGURE 7 | Phytoplankton discrimination values (ε) calculated relative to the isotopic composition of (A) CO2(aq) and (B) total DIC. Mesocosms. M5 (light blue), 450
ppm; M7 (gray), 700 ppm; and M8 (red), 1,000 ppm; M9 (blue), control mesocosm at ambient pCO2 concentrations.
FIGURE 8 | Variations in the POC pool according to substrate uptake. Comparison between modeled changes and measured isotopic signatures of DIC and POC
during the phytoplankton bloom.
CONCLUSION
The close-to-natural conditions in mesocosm compared to
laboratory experiments, make mesocosms ideal platforms to
investigate carbon dynamics whilst allowing the study of the
effects of CO2 on phytoplankton species and composition. This
study was the first to employ stable isotope analysis of unlabelled
natural carbon in order to examine carbon transfer mechanisms
and dynamics during a phytoplankton succession. Additions of
isotopically light CO2 from the CO2 manipulation, established
an isotopic gradient in the DIC pool which, following the
nutrient-induced phytoplankton bloom, mirrored the isotopic
signature of the organic carbon pools in both the water column
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and sediment traps. No significant CO2 effects were observed in
the either particulate or dissolved organic carbon stocks. High
CO2 conditions decreased the export of material to the deeper
layer during the post bloom phase, however the response was
not gradual but was only found for the highest CO2 treatment
(∼1,000 ppm) mesocosm. A CO2 effect on phytoplankton
fractionation was observed and similarly, the response
was predominantly noticed in the highest CO2 treatment
mesocosm. High CO2 concentrations affected fractionation
values either directly as a consequence of the higher CO2
availability or indirectly as a consequence of the phytoplankton
community composition change observed in the highest CO2
treatment mesocosm.
In general, results from this mesocosm experiment
showed that stable isotope analysis of each of the individual
carbon system pools within the marine environment is
aiding the assessment of carbon dynamics in an oceanic
system. However, when stable carbon isotopes are applied
to estimate future oceanic interactions that are relevant
for our climate, careful evaluation of the underlying
processes is needed. Stable isotopic analysis confirmed
that the material accumulating in the sediment trap
was similar to that in the water column, an observation
that is widely assumed when estimations of past natural
changes in oceanic and atmospheric CO2 are performed.
However, in this study we found that other factors
(allochthonous carbon, phytoplankton fractionation, and
community composition) rather than CO2 alone can
influence the isotopic signature of the water column and
the sediment material, therefore it is important to identify
and understand the processes driving these changes
in order to hindcast past and forecasts future oceanic
CO2-driven effects.
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